More than 100 bacterial genomes have already been sequenced (http://www.tigr.org/tdb/mdb/). Although many of these bacteria were pathogens or model organisms, some are of industrial interest (Nelson et al. 2000) . Corynebacterium glutamicum is a well-known industrial strain widely used for the production of various amino acids by fermentation, such as glutamate and lysine. Corynebacterium efficiens is a Grampositive nonpathogenic bacterium previously known as Corynebacterium thermoaminogenes. This strain has recently been shown to be a near relative of C. glutamicum and Corynebacterium callunae, both recognized as glutamic acid-producing species (Fudou et al. 2002) . The optimal temperature for glutamate production by C. glutamicum is around 30°C, and this micro-organism can neither grow nor produce glutamate at 40°C or above. On the other hand, C. efficiens can grow and produce glutamate above 40°C. Some comparative experimental results are summarized in Table 1 , showing clearly distinct upper temperature limits for growth (E. Kimura, S. Hirano, Y. Matsuzaki, G. Nonaka, H. Itaya, N. Akiyoshi, Y. Kawahara, S. Sugimoto, in prep.) . The relative glutamate productivity of C. glutamicum by the biotin limitation method (Kimura et al. 1999 ) was shown to be severely reduced at 37°C, whereas that of C. efficiens was unaffected (H. Itaya, unpubl.) .
The thermostability of C. efficiens is a useful trait from an industrial viewpoint as it reduces the considerable cost of cooling needed to dissipate the heat generated during glutamate fermentation.
Many physiologic, biochemical, and genetic analyses of C. glutamicum have been performed, and the genome sequence of C. glutamicum ATCC 13032 determined by Kyowa Hakko is in the public domain. The finding that C. efficiens can grow at a temperature 10°C higher than C. glutamicum and that its guanine plus cytosine (GC) content is 5% higher (Fudou et al. 2002) , provides an attractive topic for study by comparative genomics. Experimental data on the thermal stabilities of 11 metabolic enzymes of the two species suggest that many C. efficiens proteins are more thermostable than those of C. glutamicum (E. Kimura, S. Hirano, Y. Matsuzaki, G. Nonaka, H. Itaya, N. Akiyoshi, Y. Kawahara, S. Sugimoto, in prep.) . Furthermore, the two species are closely related phylogenetically, despite the above differences in physiologic characteristics. The genome sequence of Corynebacterium diphtheriae, a well-known pathogenic strain, has been determined by the Sanger Institute. Because C. diphtheriae does not belong to the glutamic acid-producing species, it is useful as a phylogenetic outgroup.
Hyperthermophilic enzymes have been extensively studied (Vieille and Zeikus 2001) and genome-wide comparisons between thermophilic archaea and mesophilic bacteria have been reported (Chakravarty and Varadarajan 2000; Kreil and Ouzounis 2001) . Thermophilic enzymes are indeed useful for industrial purposes, and many examples of protein thermostabilization have been reported (Vieille and Zeikus 2001) . However, the genome-wide amino acid substitutions responsible for the thermal stability of an organism have not been studied. The genome sequences of C. efficiens and C. glutamicum permit us to compare mesophiles with different optimal temperatures for growth. The greatest advantage is the opportunity to compare more than 1000 orthologous genes one by one, because they are so closely related. We have tried here to elucidate the mechanism underlying the thermal stability of C. efficiens by a genome-wide comparison of amino acid substitutions, in the hope that such a comparison may indicate a general method for protein thermostabilization.
RESULTS

Genome Sequence and GC Content
Sequencing was performed by the whole genome shotgun method. Genome size, GC content, and the numbers of predicted genes used in this study are shown in Table 1 for C. efficiens, C. glutamicum, and C. diphtheriae. To gain an overview of Corynebacterial genome structure, we compared the GC content ( Fig. 1) , GC skew (Fig. 2) , and gene order (Suppl. Fig. 2 ). C. glutamicum had a GC content between 50% and 60% in most regions of the chromosome, and its average GC content was 53.8%. On the other hand, the average GC content of C. efficiens was 63.4%, higher than C. glutamicum over the entire chromosome (Fig. 1) . This tendency was also clearly displayed by the predicted ORFs (Suppl. Fig.  1A for C. efficiens; Suppl. Fig. 1B for C. glutamicum) . Although the GC content of C. efficiens had previously been reported to be 5% higher than that of C. glutamicum (Fudou et al. 2002) , the whole genome analysis revealed that the true figure is 10%.
C. diphtheriae was used as an outgroup of the glutamic acid-producing strains. C. diphtheriae showed a window analysis profile of GC content more similar to C. glutamicum than to C. efficiens (Fig. 1 , Suppl. Fig. 1C ). This suggests that the ancestral genome structure of Corynebacteria may be closer to that of C. glutamicum than to that of C. efficiens. The GC skew profile supported this hypothesis: whereas C. glutamicum ( Fig.  2A ) and the outgroup, C. diphtheriae (Fig. 2C) , showed clear GC skew profiles with an inversion point that corresponds to the replication terminus (McLean et al. 1998) , C. efficiens gave an irregular GC skew profile (Fig. 2B ). In addition, gene order was well conserved (Suppl. Fig. 2 ), while the GC content of C. efficiens was higher than that of C. glutamicum and C. diphtheriae (Fig. 1) . We therefore inferred that the genome structure of the common ancestor was more similar to that of C. glutamicum and C. diphtheriae than to C. efficiens, so that C. efficiens must have acquired its thermostability by an increase of GC content after divergence from its sister species.
There was a region of low GC content between 1.8 Mb and 2.0 Mb in C. glutamicum (Suppl. Fig. 1B ) and another from 1.2 Mb to 1.7 Mb in C. diphtheriae (Suppl. Fig. 1C ). In these regions the values of GC skew in C. glutamicum were under ‫,1.0מ‬ whereas in C. diphtheriae, they were above ‫1.0מ‬ (Fig. 2C ), pointing to a difference between the two regions. In the comparison of orthologous gene order, prominent gaps between C. glutamicum and C. efficiens (Suppl. Fig. 2A ) and C. glutamicum and C. diphtheriae (Suppl. Fig. 2B ) corresponded to the region of low GC content of C. glutamicum. We did not find a similar large gap corresponding to the low GC content region of C. diphtheriae (Suppl. Fig.  2B ,C). These results suggest that the low GC content region in C. glutamicum was acquired by horizontal gene transfer, and that we found transposase homologs in this region (data not shown). There may Glutamate production in typical experiments using the biotin limitation method as a percent of the production by C. glutamicum at 32°C. 
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Codon Usage and Amino Acid Composition of ORFs
The numbers of ORFs extracted by the Glimmer program as a function of GC content were analyzed (Suppl. Fig. 3 ). The peak of ORF number in C. efficiens shifts to higher GC than in C. glutamicum. The difference in average GC content between the two micro-organisms is directly reflected in the GC content of the ORFs. To investigate the difference in GC content of the ORFs, codon usage and nucleotide substitutions were examined in the genecoding regions.
The codon usage of C. efficiens genes was much more biased than that of C. glutamicum (Table 2 ). For example, CTC (Leu) and CTG (Leu) were used more frequently in C. efficiens, although the two species had almost the same total number of Leu codons. The most frequently used Asp and Ala codons, GAC (Asp) and GCC (Ala) in C. efficiens differed from those in C. glutamicum, GAT (Asp), and GCA (Ala), respectively. Thirteen codons are rarely used in the highly expressed genes of C. glutamicum (Malumbres et al. 1993 ). The number of codons per 1000 bases (fraction values) are below 10 in C. glutamicum, whereas the number of GGG (Gly) and CGG (Arg) codons exceeds 10 in C. efficiens (Table 2) .
Among the 10 most frequently used codons in C. glutamicum, seven have GC in the third position, whereas all 10 codons do so in C. efficiens. Of 10 rarely used codons, none contains GC in the third position in C. efficiens against three in C. glutamicum. It should also be noted that only the fraction value of the GGT (Gly) codon, among the codons with AT in the third position, was higher by more than six points in C. efficiens than in C. glutamicum. These findings seem to reflect clearly the higher GC content of C. efficiens.
The amino acid composition of the protein coding regions is analyzed in Table 3 . Lys, Asn, Ser, Ile, and Phe are more frequently used in C. glutamicum than in C. efficiens. The increased usage of Arg, Asp, Gly, His, Pro, and Val in C. efficiens is shown to be statistically significant by the z-test. The high utilization frequency of Asn, Ile, Phe, and Lys in C. glutamicum agrees with the tendency of these amino acids to increase with decreasing GC content reported in a statistical analysis of the complete genomes of six thermophilic archaea, two thermophilic bacteria, 17 mesophilic bacteria, and two eukaryotic species (Kreil and Ouzounis 2001) . On the other hand, the high frequency of Gly and Arg in C. efficiens concurs with the view that these amino acid residues increase parallel to rises in GC content.
Base Replacement and Amino Acid Substitution
The orthologous ORFs of C. glutamicum and C. efficiens were extracted and sorted according to their degree of identity. They were then divided into three groups, a group with identity of more than 95%, another with identity from 60% to 95%, and a third with identity under 60%. More than 95% of the genes belonging to the first group are ribosomal proteins, and we did not analyze these proteins because of their anticipated conservative naFigure 2 C. glutamicum GC skew of the three Corynebacteria. Window analysis of GC skew was performed at 20-kb window size and 1-kb step size. C. glutamicum (A), C. efficiens (B), and C. diphtheriae (C).
ture. The third group, with identity under 60%, was also omitted, because of the large calculated p-distance value of 0.4 and the need to take account of backward and parallel mutations (Nei and Sudhir 2000) . One thousand six hundered nineteen orthologous pairs of genes with identity from 60% to 95% (p-distance value 0.2) were used to examine position-specific mutations. Synonymous codon replacement was analyzed (data not shown), and among the 30 most frequent synonymous substitutions, 26 were changes in the third letter from AT in C. glutamicum to GC in C. efficiens. The only substitution that involved GC in C. glutamicum and AT in C. efficiens was from GGC (Gly) in C. glutamicum to GGT (Gly) in C. efficiens. Among the 30 most frequent nonsynonymous substitutions in C. efficiens, 27 increased GC content, and in 21 of these, GC was in the third position. Of these 21, three substitutions, from Lys to Arg (AAA to CGG, AAA to CGC, and AAG to CGC), involved changes in all three letters. The trend of nucleotide substitutions at each codon position in C. efficiens also involved an increase of GC content (data not shown).
The amino acid sequences of 1619 orthologous genes with identity from 60% to 95% were aligned using the pairwise alignment program, Stretcher (Fraczkiewicz and Braun 1998) , and the amino acid substitutions obtained were placed in a matrix. By analyzing the differences between the matrix and the transposed matrix, the asymmetric mutations from C. glutamicum to C. efficiens were extracted (Table 4 ). The results of biased mutations in the two other categories (the groups with identity under 60% and over 95%) differed from those in Table 4 (data not shown). Some of the amino acid substitutions in this table have often been observed before, with Leu, Ile, Val, and Met replacing each other (Henikoff and Henikoff 1992) . Because the fourth most frequent substitution, from Ile to Val, is commonly observed in situations unrelated to thermostabilization, the three most frequent substitutions (Lys to Arg, Ser to Thr, Ser to Ala) are the best candidates for stabilizing the proteins. Indeed, many studies have suggested that the Lys to Arg substitution affects thermal stability (Vieille and Zeikus 2001) . If the evolutionary development of the thermal stability of proteins is responsible for the thermostability of C. efficiens itself, then the observed amino acid substitutions must be adaptive mutations leading to overall thermostability. In a separate study, the thermal stability of 13 pairs of enzymes on the Glu and Lys biosynthetic pathways in the two species were compared on the basis of the enzymatic activities remaining after heat treatment of crude extracts (E. Kimura et al., in prep.) . In Table 5 , the numbers of the three kinds of amino acid substitutions within the amino acid sequence are assigned points depending on their directions, and we compare the number of calculated points with the experimental results of enzyme thermal stability. Nine out of 13 enzymes, the thermostabilities of which had been measured, agree with the calculated points, three can not be determined, and only one does not coincide (Table 5) . These results suggest that there is a significant correlation between the three kinds of amino acid substitutions and the thermal stability of proteins.
DISCUSSION
There is controversy over whether the first life forms were hyperthermophiles (Woese 1987; Pace 1991; Nisbet and Fowler 1996; Yamagishi et al. 1998) or not (Miller and Lazcano 1995; Forterre 1996; Galtier et al. 1999) . As far as we know, among the species belonging to the genus Corynebacterium, C. efficiens can grow at the highest temperature, and is unique in its ability to produce glutamate above 40°C. The main point of interest in relation to the above controversy is whether C. efficiens acquired the ability to grow at higher temperature, or whether C. glutamicum lost it. On the basis of GC content and GC skew analyses, we concluded that C. glutamicum is closer to the common ancestor of the glutamic acid-producing strains, and therefore that C. efficiens has acquired its thermostability and higher GC content during the course of evolution. To understand the basis of this thermostability, we compared the C. efficiens and C. glutamicum genomes.
Studies of protein thermostability using genome sequences have generally compared hyperthermophiles or thermophiles, and mesophiles (Chakravarty and Varadarajan 2000; Kreil and Ouzounis 2001) . In such cases, the differences in growth temperature are clear, but the amino acid residues do not correspond one to one because thermophiles and mesophiles are not close phylogenetically. In this report, we have compared two mesophiles with different optimal temperatures for growth, and were able to make a statistical comparison of amino acid residues one by one because of the close phylogenetic relationship. Among asymmetrical amino acid substitutions between C. glutamicum and C. efficiens, the substitution of Lys by Arg was the most frequent (Table 4 ). This substitution is known to contribute to protein stability. The mechanism of thermostabilization is thought to depend on the resonance stabilisation effect of Arg (Vieille and Zeikus 2001) . Thus, Arg is assumed to contribute to protein thermostability because it maintains ion pairs more easily. Nevertheless, the Arg/Lys ratios, 2.94 in C. efficiens and 1.61 in C. glutamicum, are larger than the 2.19 ratio of Aeropyurum pernix, which has the highest Arg/Lys ratio of the hyperthermophiles and a GC content of 53.6% (Kreil and Ouzounis 2001) . Thus, the substitutions from lysine in C. glutamicum to Arg in C. efficiens appear to result from the increase of GC content and constitute the basis of protein thermostabilization.
With regard to the substitutions from Ser in C. glutamicum to Ala or Thr in C. efficiens, we consider that Ala and Thr can strengthen hydrophobic interaction inside proteins, because Ala and Thr are more hydrophobic in the environment of a protein than Ser (Taylor 1986) . McDonald et al. (1999) have analyzed the asymmetric amino acid substitution patterns in 229 genes of the bacterial genus Bacillus and 99 genes of the archaeal genus Methanococcus. The differences in GC content between Bacillus species are similar (B. stearothermophilus 52% versus B. subtilis 43.5%) to the difference be- The ratio is the percentage of the number of a given amino acid to the total number of amino acids.
b P is the significant difference level by z test: *P < 0.05; **P < 0.01; ***P < 0.001. Point is defined as the difference between the number of amino acid substitutions from C. glutamicum to C. efficiens and the number of substitutions in the opposite direction, divided by 2. All of the asymmetrical amino acid substitutions showed probability of obtaining the observed deviation from 50:50 by chance less than 0.001.
tween C. efficiens and C. glutamicum, and the asymmetrical amino acid substitution patterns found in Bacillus are very similar. However, the analysis of Bacillus and other works were based on far fewer genes than our analysis and did not confirm orthologous relationships (Haney et al. 1999; McDonald 2001) . The two most frequent substitutions found in Bacillus were the same as in our analysis (Lys to Arg and Ser to Thr), but the Ser to Ala substitution found in genus Corynebacterium was less evident in Bacillus. Nevertheless, Wintrode et al. (2001) have reported substitutions from serine to various amino acids in a thermostable subtilisin made by directed evolution, and their findings suggest that mutation from Ser to Ala or Thr may be one of the effective ways to generate thermostable proteins. The X-ray structure of the diaminopimelate dehydrogenase (Ddh) of C. glutamicum, one of the enzymes in our analysis, has been determined (Cirilli et al. 2000) . Interestingly, C. glutamicum Ddh was found to be more stable than that of C. efficiens, and the mutations responsible are of great interest. We have tried to identify the most effective of the three amino acid substitutions responsible for the thermostability of C. glutamicum Ddh over C. efficiens. The amino acid substitution that acts to lower thermostability of C. glutamicum Ddh is most probably that of 113 Ala, which is replaced by Ser in C. efficiens. The Ser residue tends to impair hydrophobic interaction between ␤-strands, whereas the Ala can be effective in bridging strands (Fig. 3) . It is likely that some but not all of the observed substitutions affect protein stability. To identify those that do, actual amino acid substitution experiments and measurements of protein thermostability are needed. Recently, many protein crystal structures have been determined and structure-modeling technology is developing rapidly, so that we may soon be able to predict which mutations among the proposed substitutions increase stability.
An interesting question concerns which event occurred first in evolution: the increase in genomic GC content, or the adaptive amino acid substitutions. Due to the close phylogenetic relationship of C. efficiens and C. glutamicum, this study was focused on only one letter substitutions, and the three substitutions that are not caused by the replacement of the third letter of codons. The one-base substitutions from Lys (AAA and AAG) to Arg (AGA and AGG) and from Ser (TCA, TCC, TCG, and TCT) to Ala (GCA, GCC, GCG, and GCT) are compatible with the increase of GC content in C. efficiens. However, the possible replacements from Ser (TCA, TCC, TCG, and TCT) to Thr (ACA, ACC, ACG, and ACT) are not explained by the GC increase. Thus, the increase in GC content alone cannot predict all three amino acid substitutions suggested to be involved in thermostabilization by the results of the statistical analysis.
A comparative analysis was made of two closely related organisms, C. efficiens and C. glutamicum, which differ in their optimal growth temperatures. C. efficiens has an average GC content that is 10% higher than that of C. glutamicum, with which it shares a conserved gene order. The codon usage and amino acid frequency in predicted coding regions of C. efficiens reflected the increased GC content. From genome structure analyses, C. glutamicum was estimated to be closer to the common ancestor of Corynebacteria. We concluded that C. efficiens would have acquired the thermostablity through the specific amino acid substitutions, which are represented by the increase in GC content that has occurred during the course of evolution. The analysis of amino acid substitutions Point is defined as the difference between the sum of the three kinds of substitutions from C. glutamicum to C. efficiens (Lys to Arg, Ser to Ala and Ser to Thr) and the sum of the reverse substitutions (Point = {number of (Lys → Arg + Ser → Ala + Ser → Thr)} ‫מ‬ {number of (Arg → Lys + Ala → Ser + Thr → Ser)}).
Results are indicated by (1) Yes: when the enzyme from C. efficiens was more thermostable and the point is positive, or when the enzyme from C. glutamicum was more thermostable and point is negative. (2) in the orthologous genes revealed the three asymmetric amino acid substitutions from C. glutamicum to C. efficiens that are involved in thermostabilization in C. efficiens. The involvement of the three kinds of amino acid substitutions identified in this study will be tested experimentally for their roles in achieving protein thermostability.
METHODS
Genome Sequencing
The genome of C. efficiens JCM 44549 (strain YS-314) was sequenced by the shotgun method (Fleischmann et al. 1995) . The end sequences from two pUC118 shotgun libraries, one containing short fragments (0.8-1.2 kb) and the other longer fragments (2.0-2.5 kb), were collected. Sequencing reactions were performed on 377 DNA sequencers using dye primer and dye terminator cycle sequencing kits, and M13 universal primers. The data were processed with the Phred/Phrap/ Consed package (http://www.phrap.org/) and the assembled sequences, after being split into 30 kb segments, were reassembled and edited by Sequencher (GeneCodes). The details of genome sequencing will be described (Y. Kawarabayasi, Y. Hino, J. Yamazaki, H. Horikawa, H. Nakazawa, T. Tanaka, M. Nishimura, Y. Nishio, H. Shimizu, A. Yamagishi, et al., in prep.) . Prediction of protein coding regions was performed with the Glimmer 2.0 program under default conditions (Delcher et al. 1999) . The sequence, 5Ј-AAAGAGG-3Ј, was used as Shine-Dalgarno sequence (Amador et al. 1999 ). The genome sequence itself was used for training.
Informatics
The genome sequences of C. glutamicum ATCC 13032 determined by Kyowa Hakko (European Patent No. 1108790, BA000036 in DDBJ/EMBL/GenBank database) and of C. diphtheriae NCTC13129 by the Sanger Institute (http://www. sanger.ac.uk/Projects/C_diphtheriae/), were used as references. The BLASTP program was used (Altschul et al. 1997 ) to determine orthologous corynebacterial pairs. Codon usage was examined using cusp programs (http://www.uk.embnet. org/Software/EMBOSS/Apps/cusp.html). The GC contents of ORFs were examined using geecee programs (http://www.uk. embnet.org/Software/EMBOSS/Apps/geecee.html). Window analyses for GC content ([G + C]/[G + A + T + C]) and GC skew ([G ‫מ‬ C)/[C + G]) were performed by the windowgc.pl script (Y. Nakamura, unpubl.). Stretcher (Myers and Miller 1988) was used for pairwise alignment. Orthologous genes are defined as the best pair of homologs in comparisons between two organisms (Tatusov et al. 1997 ). GETAREA 1.1 was used to calculate solvent accessible surface areas from Protein Data Bank (PDB) files (Fraczkiewicz and Braun 1998) . For calculation of various interactions between amino acid residues in a protein, LPCCSU server was employed (Sobolev et al. 1999 ).
